Adsorption emerges as one of the most versatile, low cost and effective methods for removing heavy metals from aqueous solutions [13] . Several researchers demonstrated that clay minerals exhibit a great propensity for adsorbing heavy metals such as chromium, lead, nickel, zinc, copper, and cadmium from aqueous solutions [12] [13] [14] [15] [16] . Clay minerals have therefore been widely used in water treatment for decades. Several studies have examined the potential use of vermiculite, a 2:1 layered clay mineral, as ion exchanger for hazardous cations [8, 12, 17] . Since vermiculite is widely available in South Africa, where the largest mines in the world are located, it was decided to examine the potential use of exfoliated South African vermiculite to stabilize Cr(VI) from fine ferrochrome dust in aqueous solution. Since this study was the first step in evaluating the potential of using exfoliated vermiculite as an adsorbent for Cr(VI) from ferrochrome dust, test work was performed under controlled batch conditions.
Experimental

Materials and sample preparation
The fine ferrochrome dust (FCD) used in the present study was collected from the baghouse filter system at Xstrata Lydenburg Works plant, Mpumalanga, South Africa (Table 1) . The ferrochrome dust sample was prepared as follows: 10 kg of received FCD was screened through a 1000 µm sieve, and dried in an electric oven at 104 ± 2°C for 24h.
Representative subsamples from the dry FCD were obtained through splitting, after which these subsamples were kept at room temperature in a closed container until it was used in the experiments.
Three vermiculite samples mined at Palabora Mining Company, Limpopo, South Africa, and labeled VER1, VER2 and VER3 were selected for the present work ( Table 1) .
The three samples correspond to an exfoliated commercial grade, and were supplied by Vesuvius South Africa (VER1) and Mandoval Vermiculite (Pty) Ltd South Africa (VER2 and VER3). All the test work was done using VER1, except when the influence of phase chemistry of the vermiculite on the degree of Cr(VI) removal was examined. During this specific investigation all three vermiculite samples (VER1, VER2 and VER3) were used.
The exfoliated vermiculite samples were ground and screened into different size fractions. The < 75 µm size fraction was subsequently utilized in all test work, as the highest Cr(VI) removal efficiency was achieved with this size fraction [18] .
All chemicals used were of analytical reagent grade and were purchased from 
Instruments and analytical methods
The bulk densities as well as the pH of the dust and VER1 vermiculite were determined using the ASTM D 5057-90 [19] and ASTM D 4980-89 methods [20] , respectively. The water soluble fraction was determined by the standard method of soil water content measurements [21] . The specific surface areas were measured with the N 2
Brunauer-Emmett-Teller (BET) method, using a NOVA 1000e Surface area and Pore Size Analyzer. A Mettler Toledo FG2 digital microprocessor based pH meter was used for pH measurements. Three standard buffer solutions at pH 4.0, 7.0 and 10.0 were employed for calibration. The solutions were shaken with a LABCON MSH10 thermostated magnetic shaker.
The chemical compositions of the FCD and vermiculite samples were determined using XRF analysis. The samples were prepared for XRD analysis using a back loading preparation method. XRD analysis was performed using a PANalytical X'Pert Pro powder diffractometer with X'Celerator detector and variable divergence and fixed receiving slits, with Fe filtered Co-Kα radiation. The phases were identified using X'Pert Highscore plus . The spectra were obtained after dilution and compression of approximately 1 mg of sample into 300 mg of KBr.
The equilibrium concentration of Cr(VI) in the solution was determined by reacting it with 1.5-diphenyl carbazide as chromogenic agent, and measuring the absorption with a PerkinElmer Lambda 25 UV-Visible spectrometer at the wavelength of 540 nm.
Experimental
All Cr(VI) from the dust was leached out according to the ASTM D 3987-85
procedure [22] , after which it was removed from the leachate and stabilized by adding leachate from the FCD was used in order to investigate the effect of operating parameters on the removal of Cr(VI). In the second set, pure solutions of Cr(VI) at different dilutions were used in order to study the kinetics, isotherms and the effect of phase composition on Cr(VI) adsorption onto vermiculite.
All experiments were carried out at room temperature using a magnetic stirrer at 1000 rpm, 100 mL of the test solution in a 200 mL beaker and the desired amount of adsorbent at different pH and contact times. At the end of the adsorption period, the supernatant solution was decanted and the adsorbent was filtered through a 0.45 µm Whatman Grade NC 45 (Cellulose Nitrate Membrane) filter paper. The filtrate was then analysed for any remaining Cr(VI).
The operating parameters that were examined included the effect of pH, adsorbent concentration and contact time on Cr(VI) removal efficiency. These parameters were varied in the following ranges:
· pH between 1 and 9;
· Adsorbent concentration between 2.5 and 12.5 mg L The amount of Cr(VI) adsorbed at any time per unit mass of the adsorbent and the removal efficiency of Cr(VI) were evaluated using equations (1) and (2), respectively. 
Desorption study
To assess if the treated FCD and the Cr(VI)-loaded vermiculite can safely be disposed of, Cr(VI) leachability from the two products was investigated by means of the Modified ASTM D 3987-85 (2004) [22] and TCLP Method 1311 [23] leaching tests over a period of 12 months. The ASTM test involved the continuous agitation of 5g of sample in 100 mL of distilled water at 30 rpm for 18 hours at room temperature, while the TCLP test consisted of 5g of sample, added to 100 mL of TCLP solution No 1 (5.7 mL glacial acetic acid, 500 mL distilled water and 64.3 mL of 1N NaOH), continuously agitated at 30 rpm at room temperature for 20 hours. These Modified Leachate Extraction Procedures differ from the standard tests in that 5 g of solid sample were used instead of 70g and 100 g for ASTM and TCLP, respectively. The solid-liquid ratio was kept unchanged at 1:20. Cr(VI) desorption from the Cr(VI)-loaded vermiculite was also evaluated with the Acid Rain Test, during which the Cr(VI)-loaded vermiculite was leached with a saturated solution of carbonic acid, called the acid rain solution [24] . This test involved adding 5 g of sample to 100 mL of acid rain solution, continuously agitating for 20 hours at room temperature.
Results and discussion
X-Ray Diffraction analysis of vermiculite sample VER1 before and after adsorption
XRD analysis of the vermiculite VER1 sample before and after adsorption confirmed that the ratio in which the layered silicate phases vermiculite, biotite and hydrobiotite which constitute the VER1 sample, changes during the adsorption process (Fig. 1) . It can be seen from Fig. 1 that sample VER1 contains more vermiculite, less hydrobiotite and possibly the same amount of biotite compared to the sample after adsorption. The major peak of the vermiculite phase at 2θ = 7.2º, drastically decreased in intensity after adsorption. The decrease in the amount of the vermiculite phase observed in the Cr(VI)-loaded vermiculite VER1 sample may be explained by the major role that the vermiculite phase plays in the adsorption process. , respectively. These observed changes in vibration frequency in the functional groups were assumed to be due to Cr(VI) adsorption onto vermiculite.
Fig. 2.
FT-IR spectra of vermiculite sample VER1 before and after adsorption.
Effect of pH
The pH of an aqueous solution strongly affects the adsorption of heavy metals onto clay minerals [11] . Cr(VI) adsorption onto vermiculite was also found to be highly pHdependent, with a maximum Cr(VI) removal efficiency of 98.4 % at pH between 1.0 and 2.0 (Fig. 3) . A further increase in contact time and adsorbent dosage had an insignificant effect on Cr(VI) uptake. According to Bansal et al. [12] , this can be explained by the fact that the higher the dose of adsorbent in the solution, the greater the surface area, the greater the availability of active sites and the easier the adsorption of Cr(VI).
However, the magnitude of uptake capacity could have decreased with an increment in adsorbent dosage due to overlapping of adsorption sites as a result of overcrowding of adsorbent particles. 
Adsorption Kinetics
In order to investigate the kinetics of the present adsorption process, equilibrium data were used to fit to Lagergren models such as pseudo-first order (equation 3) and pseudo-second order (equation 5) equations [26] [27] [28] .
For an adsorption process that obeys the first order rate law, the reaction rate constant is given by the linear form of the following expression:
While the linear form of equation (3) can be expressed as:
4 ln(q e -q) = lnq e -k 1 t
where q e and q are the amounts of chromium adsorbed (mg g -1
) at equilibrium and at any time t (min), respectively, and k 1 is the Lagergren rate constant of the pseudo-first order adsorption (min -1 ). Values of k 1 and q e were calculated from the slope and intercept of the plots of ln(q e -q) versus t respectively.
The second order kinetic model can be represented as follows:
while the linear form of equation (5) can be expressed as:
where k 2 is the equilibrium rate constant of second order adsorption (g mg -1 min -1
). Values of k 2 and q e were calculated from the plots of t/q versus t.
Kinetic parameters including rate constants for the adsorption of Cr(VI) onto vermiculite
were evaluated by means of the linear forms of the Lagergren equations (4) and (6) . The values for these parameters, along with their correlation coefficients, are presented in Table 2 . Comparison of the regression coefficients confirms that the experimental data obey the pseudo-second order Lagergren equation. 
Adsorption Isotherms
Several mathematical models have been developed to quantitatively express the relationship between the extent of adsorption and the residual solute concentration. In this study, Freundlich and Langmuir adsorption isotherm models were selected to fit the experimental data [12, 13, 27, 29, 30, 31] .
The adsorption isotherm studies were carried out with Cr(VI) at different initial concentrations ranging from 10 to 100 mg L -1 , and the adsorbent concentration of 10 g L -1
.
The equilibrium amount of Cr(VI) (q e ) adsorbed per unit mass of the adsorbent (mg g -1 ) is
given by the following equation:
where W i and W e are respectively the initial and equilibrium amounts (mg) of Cr(VI) in solution, and m is the mass of the adsorbent (g).
Freundlich isotherm
The Freundlich isotherm expresses a multilayer adsorption, with a heterogeneous energetic distribution of active sites, accompanied by interaction between adsorbed molecules [12] . The plot of this model indicates that the highest fraction of the sorbate species is observed at the lowest sorbate concentrations [30] .
The non linear and linear forms of the Freundlich isotherm are given by equations (8) and (9) respectively. 
where q e is the equilibrium adsorption capacity (mg g ). K F and n are determined from the intercept and slope of the linear plots of ln q e versus ln C e , respectively. An adsorbent is regarded as preferable if the value of 1/n lies between 0 and 1 [30] .
Langmuir isotherm
The Langmuir isotherm is valid for instances where adsorption is a monolayer coverage process. It is therefore expected that adsorption values reach a maximum at high adsorbate concentrations [30] . Adsorption takes place at specific homogeneous sites within the adsorbent and once a metal ion occupies a site, no further adsorption occurs at that site [32] .
The non linear and linear forms of the Langmuir isotherm are given by equations (10) and (11) where q e is the amount of adsorbate adsorbed by a unit mass of adsorbent at equilibrium (mg g . q m and K L are evaluated from the slope and intercept of the linear plots of C e /q e versus C e , respectively.
Results on the isotherm study
Experimental data of the mass of solute adsorbed per unit mass of adsorbent, were fitted to equations (8), (9), (10) and (11), which represent the non-linear and linear forms of the Freundlich and Langmuir adsorption isotherms, respectively. Values for the Freundlich and Langmuir constants, as well as their correlation coefficients are presented in Table 3 . Constants related to the adsorption capacity K F and adsorption intensity n were found to be 7.87 and 4.15, respectively. Since the value of 1/n is between 0 and 1, the adsorption of Cr(VI) onto vermiculite under studied conditions was favourable [30] .
Although the experimental data fitted both adsorption models, the high value of the correlation coefficient associated with the Langmuir model (R 2 = 0.996 compared to 0.988 for the Freundlich isotherm) suggests monolayer coverage of the Cr(VI) on the surface of the vermiculite [30, 32] . Table 3 . The isotherm parameters and regression coefficients obtained for Cr(VI) adsorption data (pH 1.5, adsorbent dosage 10 g.L -1 and contact time 120 minutes). 
Langmuir isotherm Freundlich isotherm
q m (mg/g) K L (L/mg) R 2 K F (L/g) n
Effect of phase composition on Cr(VI) uptake
XRD patterns of vermiculite samples VER1, VER2 and VER3 indicate that these industrial vermiculite samples contain varying amounts of the phases vermiculite, biotite and hydrobiotite (Fig. 6 ). It can be seen from these patterns that vermiculite samples VER1
and VER2 contain more vermiculite, and less hydrobiotite compared to vermiculite sample VER3. Sample VER1 contains more biotite than samples VER2 and VER3. The significance of hydrobiotite in sample VER3 is also confirmed by the high Loss On Ignition.
The hydrobiotite as well as the vermiculite in sample VER3 is presumably more crystalline than those of VER1 and VER2 (reflected by sharper peaks), while the biotite in sample VER2 seems to be more crystalline than the biotite in sample VER1. It can be concluded that vermiculite sample VER2 is purer than samples VER1 and VER3. Langmuir isotherm parameters and regression coefficients corresponding to Cr(VI) adsorption onto vermiculite samples VER1, VER2 and VER3 are given in Table 4 . Since the maximum uptake of Cr(VI) onto the three exfoliated vermiculite samples slightly decreases with a decrease in the concentration of the vermiculite phase, it can be concluded that the vermiculite phase is the major phase responsible for adsorption of Cr(VI) onto industrially supplied vermiculite. (Table 5) . It is therefore clear that the nature of the vermiculite plays a significant role in its ability to adsorb Cr(VI) in aqueous solution.
When comparing the capacity of vermiculite to adsorb Cr(VI) to other adsorbents it is clear that exfoliated vermiculite remains a viable treatment option due to its high adsorption capacity, availability and low cost ( Table 5 ). The absorption capacity of vermiculite is higher than that of kaolinite [35] , zeolite [37] , calcined bauxite [38] , river bed sand [39] , fly ash [43, 44] and certain micro-organisms [49, 50] , and potentially also higher than that of montmorillonite [36] ,activated carbon [40, 41] , chitosan [42] , coconut coir pitch [26] , peat moss [45] and tamarind seeds [48] .
Long term stability of treated ferrochrome dust and Cr(VI)-loaded vermiculite
The treated FCD and Cr(VI)-loaded vermiculite were analyzed monthly over a 12 month period for liberation of any Cr(VI), using the ASTM and TCLP methods. No additional Cr(VI) leached from the treated FCD over this test period of twelve months ( 
Conclusions
This batch adsorption study proved that South African vermiculite can be used to remove Cr(VI) from fine ferrochrome dust after it was leached in aqueous solution.
Measurement over a 12 month period showed that no additional Cr(VI) leached from the treated ferrochrome dust. The FCD can therefore safely be disposed of.
The adsorption process was found to be highly pH dependent. The optimum pH for Cr(VI) adsorption onto vermiculite was found to be 1.5. The adsorption capacity is reduced when the pH if further increased. Adsorption increased with an increase in contact time and reached equilibrium after 2 hours. It was also observed that the adsorption of Cr(VI)
onto vermiculite is rapid in the initial stages, followed by a progressive uptake. After equilibrium was reached, no significant change in uptake was observed. Increase in adsorbent dosage led to an increase in Cr(VI) adsorption. The optimum Cr(VI) uptake was obtained at an adsorbent dosage of 10 g L -1
XRD analysis of the adsorbent showed that the major peak of the vermiculite phase at 2θ=7.2º drastically decreased in intensity after adsorption. It was also observed that the extent of Cr(VI) adsorption onto vermiculite slightly increases with an increase in concentration of the vermiculite phase, which confirms the major role of the vermiculite phase in the adsorption process.
The Cr(VI)-loaded vermiculite also remained unchanged over 12 months, when it was evaluated with the ASTM and TCLP leaching methods. However, Cr(VI) was released from the vermiculite up to concentrations above the South African regulation limit of 0.02 mg L -1 , when the vermiculite was evaluated with the Acid Rain Test.
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